Cyclic AMP has been shown to be present in 12 different Gram-negative bacteria and the regulation of its concentration, as a function of growth conditions, is similar to that described for Escherichia coli K 12. Antibodies raised against catabolite activator protein (CAP) and Rho protein of E. coli K12 were used to check for the occurrence of cross-reactive antigens. Using radioimmunological assays, immunoblotting techniques and biochemical criteria we showed a wide distribution of CAP and Rho, structurally and functionally closely related to the corresponding E. coli K 12 proteins. These results suggest that transcription is similarly regulated by these factors in Gram-negative bacteria.
Spizizen (1958) Van Gijsegen & Toussaint (1983) * From the Pasteur Institute when no reference is given.
Purification of' CAP. CAP was purified from E. coli K12 strain KLF41/JC1553 (kindly provided by B. Bachmann, E. coli Genetic Stock Center, Yale University, New Haven, Conn., USA) according to Eilen et al. (1978) . Samples used were about 99% pure as judged by SDS-PAGE.
Purification of'the Rho protein. Rho protein from E. coli K12 strain KLF41/JC1553 was purified according to Finger & Richardson (1981) . Samples were about 99% pure as judged by SDS-PAGE.
Immunization procedures. Rabbits were immunized by injecting their footpads with 500 pg purified protein in Freund's complete adjuvant. Two months later, 300 pg antigen in Freund's complete adjuvant was injected intramuscularly. At various times, beginning one week after the booster, the rabbits were bled. The antiserum was kept at 4 "C with 0.1 % sodium azide.
Iodination and radioimmunoassay of CAP. This was done as described by Guiso & Blazy (1980) . Determination of' CAMP concentrations. Bacteria from overnight cultures were harvested by centrifugation, resuspended in fresh medium at approximately lo8 bacteria ml-l, and grown at 30 "C or 37 "C. Samples of the culture were removed at different times and heated for 5 min at 100 "C. cAMP was assayed using a standard radioimmunoassay (Steiner et al., 1972) .
Preparation of'crude extracts for radioimmunoassuy of'CAP. Cultures were centrifuged and the cells, resuspended in 10-1 M-sodium phosphate buffer, pH 7 (1 g wet weight bacteria in 2.5 ml), were sonically disrupted. After centrifugation at 15000 g for 15 min, CAP was assayed in the supernatant.
Preparation el' crude extracts fbr po/y(C)-dependent A TPase .actiuity.
Cultures were centrifuged and the cells, washed three times, were resuspended in 5 x lo-' M-Tris/HCl buffer, pH 8, containing lo-' M-MgCl,, 2.5 x lo-' M-NaCl, 2 x M-EDTA, 5 x lo-? M-glycerol and lo-' M-2-mercaptoethanol (0.5 g wet weight bacteria in 3 ml). This bacterial suspension was added to 5.4 g glass beads (0.10-0.1 1 mm diameter) to which 1 ml buffer had been added previously. The mixture was vigorously shaken for 1 min at 4 "C. After centrifugation (40 min at 15OOOg) Rho activity was assayed in the supernatant.
Protein determination. Protein was determined by the method of Bradford (1976) using the Bio-Rad protein assay and bovine serum albumin as standard (Sigma).
Assay of'poly(C)-dependent ATPase activity of'Rho. Poly(C)-dependent ATPase activity of the Rho protein in crude bacterial extracts was measured according to Lowery & Richardson (1977) . The inorganic phosphate released was determined as described by Ames & Dubin (1960) . One unit corresponds to 1 nmol ATP hydrolysed min-' mg-l .
Western blot experiments. SDS-PAGE was done as described by Laemmli (1970) . After electrophoresis, the proteins were transferred to nitrocellulose sheets as described by Towbin et al. (1979) . Nitrocellulose was incubated for 1 h at 37 "C with a 1 : 100 dilution of serum and, after washing, for 1 h at 30 "C with 1 pCi ['2SI]iodinated protein A (1000 Ci mmol-l ; 37 TBq mmol-l). After washing, the nitrocellulose was dried and exposed at -80 "C to Kodak X-Omat AR films for 6 h.
R E S U L T S

CAMP synthesis in diferent bacteria
cAMP has been detected in many bacteria (Bostford, 1981) but, apart from E. coli K12 and Salmonella typhimurium, the regulation of its synthesis (Joseph et al., 1982) and its role in Table 2 
. Determination of CAMP synthesis and concentrations during bacterial growth
Bacteria were grown in LB medium. The cAMP concentration was determined during exponential growth as described in Methods and is expressed as pmol cAMP (mg dry wt bacteria)-'. The total cAMP concentration was determined after the arrest of growth and is expressed as pmol cAMP (mg dry wt bacteria)-'. The results are means of three separate experiments and the variation was 10%. initiation and termination of transcription (Ullmann & Danchin, 1983) have not so far been studied.
It has been established that when E. coli K12 cells are grown either in rich medium or in synthetic medium with glucose as carbon source the cAMP levels are low during the exponential phase of growth and increase after the exhaustion of the energy source (Peterkofsky & Gazdar, 1971) . As shown in Table 2 , this seems to be a general feature for most of the Gram-negative bacteria we studied ; except for Pseudomonas aeruginosa, cAMP concentrations were low in the exponential phase of growth and increased in the stationary phase. It has been repeatedly observed that in the vegetative phase of growth no cAMP can be detected in Gram-positive bacteria (Setlow, 1973) . Therefore it was surprising to find cAMP synthesis in Bacillus subtilis during sporulation. This low but reproducible level of cAMP was significant and the product detected as cAMP was completely degraded by cAMP phosphodiesterase (results not shown).
Occurrence o j a cAMP receptor in bacteria
Since cAMP is synthesized in all Gram-negative bacteria so far studied, it was important to know whether it acts via an intracellular receptor similar to that of E. coli K12. In Western blot experiments using specific anti-E. coli K12 CAP antibodies a protein with the same electrophoretic mobility as CAP was specifically recognized in all the Enterobacteriaceae, and one with a higher mobility was detected in Aeromonas hydrophila (Fig. 1) . In Pasteurella multocida four proteins with different electrophoretic mobilities were recognized. No related protein could be detected in Pseudomonas aeruginosa and B. subtilis. A specific radioimmunoassay of CAP showed that crude extracts of all the Enterobacteriaceae and A . hydrophila contained a protein similarly recognized by the anti-CAP antibodies (Fig. 2) . This result, in agreement with the Western blots, suggests that these bacteria synthesize a protein structurally very similar to CAP. In crude extracts of Pseudomonas aeruginosa, Pasteurella multocida and B. subtilis, a protein could also be detected but to a lesser extent, suggesting that in these cases the proteins are structurally different from CAP (Fig. 2 ).
Occurrence of Rho in bacteria
The transcription termination factor Rho of E. coli K12 is a hexameric protein with two known functions : (i) it facilitates accurate transcription termination at specific sites in bacterial DNA (Morgan et al., 1983) ; and (ii) it exhibits single-strand RNA-dependent ATPase activity which appears to be important for the termination of transcription (Howard & de Crombrugghe, 1976) . No extensive studies of Rho have been made in other bacteria, except for Erwinia chrysanthemi and S. typhimurium (Housley et al., 1981) . Therefore we searched for Rho in other bacteria. A protein with the same electrophoretic mobility was specifically recognized by anti-E. coli K12 Rho antibodies in all the Gram-negative bacteria we studied (Fig. 3) . A second protein, with a higher molecular weight was also recognized. This is intriguing since this protein was not present in the immunogen.
To determine whether the enzymic function of Rho was present, we measured RNAdependent ATPase activity in crude extracts of the bacteria: it was detected in all the strains studied ( Table 3) . This activity was significantly inhibited by specific anti-E. coli K12 Rho antibodies and practically unaffected by preimmune serum. These results suggest that all Gramnegative bacteria synthesize a protein very similar to E. coli K12 Rho. It is of interest that E. coli B had three times higher ATPase activity than all the other bacteria tested, a result which is in agreement with data obtained by specific radioimmunoassay (results not shown). In B. subtilis, in agreement with the Western blot experiments, no significant RNA-dependent ATPase activity was found.
DISCUSSION
The aim of this work was to know whether factors controlling transcription in E. coli K12, such as the CAMP-CAP complex and transcription termination factor Rho, were conserved during the evolution of other Gram-negative and Gram-positive bacteria. We showed that cAMP is synthesized in all the Gram-negative bacteria studied and that the regulation of its level seems, in most cases, similar to that observed in E. coli K12 and S. typhimurium. The presence of a cAMP receptor in the bacteria studied suggests that the physiological effect of cAMP is similar to that observed in E. coli K12. The most striking result concerns B. subtilis, where cAMP was detected during sporulation. This result is in agreement with the results of Mach et al. (1984) who showed that B. subtilis is'able to synthesize cAMP in response to oxygen limitation. This suggests that cAMP synthesized only under specific conditions may also play some physiological role in Gram-positive bacteria. This finding corroborates some previous results showing that, whereas in Bacillus megaterium no cAMP could be detected, exogenous addition of this nucleotide could relieve the inhibitory effect of glucose (Ullmann, 1974) . The mechanism by which cAMP acts in B. subtilis is not yet clear. The fact that none or very slight cross-reactivity with E. coli K12 CAP was observed in B . subtilis does not exclude the existence of a cAMP receptor that is structurally different from that of Gram-negative bacteria. In preliminary in vitro binding experiments under the same conditions as for E. coli K12 CAP, we could not detect the presence of specific binding of cAMP (results not shown). However, if the receptor concentration or the binding constant of this receptor in B. subtilis are much lower than in E. coli K12, our assay would not have detected any binding. The fact that a Rho protein with a specific poly(C)-dependent ATPase activity has been found in all the Gram-negative bacteria so far studied shows the importance of this protein for bacterial physiology, and it suggests that Rho poly(C)-dependent ATPase activity could be involved in its transcription termination function. In spite of the fact that a Rho-like protein was described in B. subtilis (Hwang & Doi, 1980) , we could not detect by immunological techniques a protein exhibiting cross-reactivity with Rho, nor could we detect any significant poly(C)dependent ATPase activity. This is not surprising since the transcription termination factor present in B. subtilis barely exhibits poly(C)-dependent ATPase activity (Hwang & Doi, 1980) .
All these results show that CAP and Rho were structurally and functionally conserved during the evolution of Gram-negative bacteria, suggesting that the regulation of transcription involving these factors is also conserved.
